Background: In diagnostic studies, a single and error-free test that can be used as the reference (gold) standard often does not exist. One solution is the use of panel diagnosis, i.e., a group of experts who assess the results from multiple tests to reach a final diagnosis in each patient. Although panel diagnosis, also known as consensus or expert diagnosis, is frequently used as the reference standard, guidance on preferred methodology is lacking. The aim of this study is to provide an overview of methods used in panel diagnoses and to provide initial guidance on the use and reporting of panel diagnosis as reference standard.
Introduction
Different types of diagnostic studies, e.g., studies assessing the diagnostic accuracy of a single test or developing a multivariable diagnostic model, all face the key challenge of obtaining the correct final diagnosis in each subject. A final diagnosis is necessary to calculate the accuracy measures of the diagnostic test(s) or model(s) under study. Ideally, a single reference test to classify the condition of interest is preferred. For most conditions, however, such a single and error-free test, also known as a reference or ''gold'' standard, is not available [1] . This is problematic, as errors in the final disease classification can seriously bias the results [1, 2] .
One strategy to overcome the lack of a single, imperfect reference test is to use multiple pieces of information to improve classification of the presence or absence of the disease. Several methods for utilizing multiple test results exist. These include socalled composite reference standards in which a predefined rule is used to combine different test results into a reference standard (for example, the combination of culture and PCR for the detection of infectious diseases) [3] ; latent class analysis, where the multiple test results are modeled as functions of the unknown (or latent) disease status (for example, in the evaluation of the clinical accuracy in tests for pertussis) [4, 5] ; and a so-called panel diagnosis, in which a group of experts determine the final diagnosis in each patient on the basis of all available relevant patient data (for example, often used in studies on heart failure) [1, 6] .
In this review, we focus on panel diagnosis because its use appears to be increasing ( Figure 1 ) and no formal guidance exists on the execution and reporting of this type of reference standard. Although terms like ''consensus diagnosis'' and ''expert panel diagnosis'' are also often used, we will use the more uniform term ''panel diagnosis.'' As a panel diagnosis largely resembles clinical practice in that multiple test results are assessed simultaneously by a clinician [7] , it seems an acceptable method for obtaining a final diagnosis when a single gold standard test is lacking. Nonetheless, there are various ways to perform a panel diagnosis. These variations could arise from the chosen panel constitution and the methods applied to reach the decisions on the presence or absence of the target disease. Unfortunately, there is neither theoretical evidence, nor practical guidance on the preferred methodology to conduct panel diagnoses.
We performed a systematic review on reported panel diagnosis methodology to address the following aims: (1) To describe the variation in methods applied in published studies using a panel diagnosis; (2) To assess the quality of reporting of the methods related to the panel diagnosis process in these studies; (3) To provide initial guidance for researchers reporting an existing study or designing a new study involving a panel diagnosis.
Methods
We performed our review in accordance to PRISMA guidelines for systematic reviews [8] , but as methodological reviews differ from systematic reviews in several ways [9] , not all items were applicable.
Search and Inclusion Criteria
A PubMed search for articles on diagnostic studies using expert panels or consensus methods as final diagnosis was performed from its inception up to May 2012 by one of the authors (LCMB). The search strategy was explicitly very broad in order not to miss any relevant articles because of terminology used. The strategy
included ([diagnosis] AND ([expert panel] OR [consensus methods] OR [consensus diagnosis])
). The search was limited to studies in humans, and written in English. Because of theoretical saturation [9] , meaning that additional searches will only add papers without adding information, we only performed the search in the largest electronic medical database (PubMed) and did not update the search beyond May 2012.
Studies had to meet three criteria to be included in the analysis: (1) The study was diagnostic, including studies on prevalence of the condition of interest, diagnostic accuracy, and multivariable (diagnostic) prediction models. ( 2) The reference standard used was based on the results of multiple tests, which were interpreted by multiple experts (two or more) to make a final diagnosis. (3) The study was an original report, excluding letters, editorials, casereports, commentaries, and reviews.
Data Extraction
Title and abstracts from the articles retrieved by the database search were screened and selected by LCMB for eligibility and identification for full-text reading. Articles were considered eligible for full-text reading when the abstract included clues that a panel diagnosis might have been used as reference standard. Full texts of the identified articles were read and the data-extraction form was completed by two observers in an independent (blinded) way (LCMB read and scored all articles and BDLB acted as the second reviewer in 120 articles and JBR in 64 articles).
The data extraction form (Protocol S1) was developed, piloted, and updated by LCMB, BDLB, and JBR and inspired by the STAndards for the Reporting of Diagnostic accuracy studies (STARD) guideline [10] and QUADAS-2 tool [11] . It was designed to collect descriptive information on how individual studies implemented the panel approach in their study and to collect normative information on the completeness of the reported methods (information levels A and B). General items about study aim(s), target disease(s), and reported reason(s) why a single reference standard was considered not appropriate were extracted. Detailed information on the methods used for panel diagnosis was also extracted, including: panel constitution, process of decision making, available tests results for the panel, blinding to the results of one of more tests, reproducibility of the panel diagnosis, and reported strengths and limitations of panel diagnosis. Discrepancies were resolved by discussion between the two reviewers. A formal level of agreement between the reviewers was not assessed. In only one paper agreement could not be reached between the two reviewers, and a third reviewer (JBR) was consulted.
Results

Search and General Study Characteristics
The search yielded 17,217 potentially eligible articles on May 31, 2012. Applying the inclusion criteria to the abstracts reduced the number of papers to 184. Of these 184 articles, the full texts were retrieved and independently judged by two reviewers. Applying the inclusion criteria to the full texts resulted in 81 included articles to address objectives 1 and 2 ( Figure 2 ). An overall quality assessment like QUADAS-2 [11] was not performed, but relevant items, such as if each patient received the final diagnosis in the same way, are included in the results.
Panel diagnosis was used in a broad spectrum of medical domains, but predominantly in the field of psychiatric disorders (30 of 81 papers, 37%), half of which pertained to dementia; cardiovascular diseases (17 papers, 21%); and respiratory disorders (ten papers, 12%). In seven studies (9%), the presence or absence of multiple diseases was assessed by the panel. Study characteristics are summarized in Tables 1-5 by medical domain: Table 1 for psychiatric disorders , Table 2 for cardiovascular disorders [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] , Table 3 for respiratory disorders [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] , Table 4 for studies with multiple target diseases [69] [70] [71] [72] [73] [74] [75] , and Table 5 for diseases from other medical domains [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] . The median number of patients undergoing panel assessment of the included studies was 153 with a range of 12 to 4,474 patients.
The study aim of most papers (52 of 81 papers, 64%) was to assess the accuracy of one or more diagnostic tests. In 17 studies (21%) the aim was to determine the prevalence of a particular disease, and in seven studies the aim was to develop a multivariable diagnostic prediction model. In two articles (2%) the study aim remained unclear. Table 6 displays the proportion of articles that reported on different items related to panel constitution, information available for panel evaluation, and methods of decision making. Incomplete reporting was a common finding: information on panel constitution was missing in 20 (25%) studies, information on tests result presented to the panel was missing in 28 (35%) studies, and information about the decision process within the panel was incomplete in 56 (69%) studies. Overall, key information on panel methodology, related to STARD items [10] on the reference standard, was incomplete in 67 (83%) of the 81 included studies.
Completeness of Reporting
Variation in Methodology across Studies
Panel constitution. Most panels used two members (29 of 63 papers, 46%), followed by three members (18 of 63 papers, 29%). The maximum reported number of members was nine. Different fields of expertise of the panel members were represented in the majority of studies (37 of 61 papers, 61%), with a maximum of six different fields of expertise.
Available information for panel diagnosis. Items from patient history and/or physical examination were used by the panel in 80% of the studies (63 out of 79 articles; two articles did not report on this item). Imaging results were also frequently used (43 of 79 articles, 54%). Blood tests, questionnaires, and function tests (such as spirometry) were each used for evaluation by the panel in 30% of studies (24 out of 79 studies). Information collected during follow-up was used by the panel in 21 studies (27% of 79 studies) and discharge or preliminary diagnoses of the treating physician were also presented to the panel in six studies.
Format of presentation to the panel. In 79 of the 81 articles, the available information was presented to the members as paper-based summaries. In nine (11%) of the 81 included studies, test results were also presented in their original (raw) form, such as original radiographic images.
In 32 papers (60% of 53 papers), panel members were blinded (i.e., results were withheld) to one or more test results. For most of these studies (23 of 32 studies), the members were blinded to the results of a specific index test under study. Two studies used staged unblinding of the test results, in which the diagnosis was assigned twice by the panel, first on all data but without the results of the index test and later including the index test results. The other 21 articles reported that all available patient data was included for panel diagnosis.
Decision-making process by the panel. The final diagnosis was determined only as ''target disease present or absent'' in the majority (33 of 58 studies; 57%) of studies. In the other 25 studies, multiple categories of estimated certainty for disease classification were used, with a maximum of six categories.
We observed many combinations of initial evaluation of the information by the panel members (individual or plenary), method of decision making by the panel, and how they handled disagreements across the panel members during the process of reaching a decision on the presence/absence of the target disease (Table 7) . A plenary decision process was more frequently used than combining individual panel members' assessments into a majority decision (51 versus 17 studies).
In 22 studies (31% of 71 articles), only a subgroup of patients was assessed by the entire panel. This subgroup often consisted of patients who were difficult to diagnose by individual assessment by the panel members (16 of these 22 studies). A pre-specified decision rule to select such subgroups of patients was applied in three papers; two studies used disagreement between multiple index-tests to identify the patients for panel assessment and another study defined subgroups for panel assessment on the basis of the information available per patient.
Validity of panel diagnosis. Twenty-seven papers reported the reproducibility of the panel diagnosis in their study. Kappa statistics or agreement percentages were reported in 17 articles (21% of 81 articles), of which seven studies evaluated the plenary Table 2 . Study characteristics of articles assessing cardiovascular disease, n = 17. decision process and ten studies reported the reproducibility of the individual assessments. In addition to the panel diagnosis, ten studies (12% of 81 studies) also applied alternative methods to diagnose the target disease for comparison. These methods included diagnosis according to a combination of tests (four studies), comparison to clinical follow-up (four studies), a pre-specified decision rule (one study), and a single gold standard applied only to a subgroup of patients (one study).
Discussion
Our review on the use of panel diagnoses as reference standard in diagnostic studies reveals that panel diagnoses were mainly used in studies on psychiatric, cardiovascular, or respiratory conditions. Non-reporting of the panel methodology applied was frequent as 83% of all included studies did not report on all relevant items used in methods of the panel diagnosis necessary to replicate the study. The panel constitution and decision process differed substantially between studies, ranging from two to nine panel members, with large variations in the types of expertise represented in the panel. We found 17 different combinations of the three stages in the decision-making process as displayed in Table 7 .
Complete and accurate reporting is a prerequisite for judging potential bias in a study and for allowing readers to apply the same study methods. In total, only 14 (17%) papers reported complete data on key issues such as the panel constitution, the information presented to the panel, and the exact decision process to determine the final diagnosis. This under-or even non-reporting shows that the standard of reporting of diagnostic studies should be improved. The STARD reporting guideline for diagnostic studies [10] does not include specific items on the use of panel diagnosis as reference standard. However, contrary to what one would expect, the completeness and thoroughness of reporting did not improve with time despite the publication of reporting guidelines in diagnostic research. Another problem we encountered in this review was unclear terminology. For example, the term ''experts'' was often used to describe the panel members. Yet little to no information was given to substantiate this claim, for instance by reporting on profession, expertise, or years of experience, and familiarity with the target disease or population of interest. Another ambiguous term was ''consensus diagnosis.'' It was often unclear whether the term consensus diagnosis was simply used as a synonym for panel diagnosis or whether it referred to a specific way of reaching agreement on the final diagnosis or target disease presence or absence among the panel members. Therefore, the term consensus diagnosis alone is not sufficient to describe the details of the reference standard. For example, instead of ''the diagnosis was assigned in consensus,'' it is more informative to describe the decision process as ''the diagnosis was assigned in consensus after a group discussion.' ' We used the key concept that reporting of research should enable replication. We therefore grouped items into four key domains: panel constitution, information presented to the panel, the decision process, and validity of the panel procedure. Using these four domains as guidance for reporting on the panel approach will aid replication of the study by others.
In Figure 3 and Table 8 we identify the various choices and decisions to be made before initiating a diagnostic study with panel diagnosis. We hope to encourage researchers to formally discuss these options when designing a new study rather than copying an approach from an existing study. Below, we discuss the options within each key domain based on the findings of our systematic review, supplemented by our experience (Figure 3 ; Table 8 ). We discuss these items in a cautious way as limited evidence or consensus exist on what should be considered preferred methodology for conducting a panel diagnosis. Further research into each of the decision we have identified is needed.
Panel Constitution
Ideally, the same members should assess all patients to increase the reproducibility of the decision process. However, when this is not feasible, researchers can choose to have a particular member or a certain expertise to be present in each panel to help maintain a certain level of consistency. When voting is part of the decision process, an odd number of panel members should be considered. In the vast majority of studies, the panel consisted of three or fewer members, which seems low since the reason for using a panel diagnosis is that the final disease classification is not straightforward. Having more members is beneficial in avoiding incorrect decisions on the final diagnosis [93] . With the choice of panel members, one should consider whether all areas of expertise relevant to the target disease(s) are represented. While whether someone can be considered an expert is more or less subjective, reporting the area of expertise and the years of experience, as often done in inter-rater studies in imaging, provides useful information to the readers.
Information Presented to the Panel
The information presented to the panel, as well as the format in which it is presented, is largely determined by the study aim and context. Researchers should provide the rationale for their choice of information used in the panel diagnosis, including references to existing guidelines, systematic reviews, and key papers on the diagnosis of the condition of interest. This will enhance the credibility (face validity) of their results.
A paper-based summary, containing the relevant patient information and test results, is considered the standard way of presenting. However, for certain tests, providing the ''raw data,'' such as 3D images in the case of complex bone fractures, should be considered. The credibility of final diagnosis can be improved by including follow-up information in the panel diagnosis. A drawback of including this information is a higher chance of missing data on follow-up and heterogeneity in additional diagnostic tests during follow-up, which will often not be random and may introduce verification bias [94] .
Decision Process
A disease can be classified as present or absent or can be rated using ordered categories to represent severity or certainty of diagnosis. Recording additional information on the certainty of the final diagnosis enables the researchers to perform additional analyses on the robustness of findings. Subsequent analysis could take the certainty of the final diagnosis into account, for instance by performing a weighted analysis.
The decision process itself is complex and several choices have to be made. The most commonly used options for this process are visualized in Figure S1 . Individual assessment can be used to allow the panel members to read the information alone and make a preliminary diagnosis before discussion with other panel members. Also, this individual assessment can be used to define subgroups of patients that do not require evaluation by the entire panel, such as those who receive the same preliminary diagnosis from all panel members. Withholding these participants from the plenary discussions decreases the total workload for the panel members. Such subgroups can also be identified through application of a pre-defined decision rule. For example, a pre-defined combination of test results can clearly rule in or rule out disease in some patients, while the other patients need panel evaluation to determine the final diagnosis. In the plenary process, members influence each other which can either be beneficial or harmful [93] . Finally, the proportion of cases of disagreements should be reported, and the way the panel resolved the disagreement. More research is needed to determine if a plenary decision process is superior to an individual process, or vice versa. Procedures for resolving remaining disagreements are needed and should be formally decided upon at the beginning of the study.
Validity of Panel Diagnosis
Although not frequently performed, the reproducibility of a panel diagnosis is easy to assess. Inter-rater agreement can be calculated in studies with individual assessment results. For the plenary decision process, reproducibility can be determined by reassessing a sample of the patients (obviously with the panel remaining blinded to their first judgment) and comparing the agreement. By comparing the panel diagnosis to clinical follow-up or another reference standard, insights in the validity of the panel diagnosis can be gained.
One of the authors of the included papers [62] stated that ''it must be recognized that such diagnostic strategy may not be optimal. Expert opinion can be subjective and erroneous; this could lead to an overestimation or underestimation of the validity of all diagnostic methods in this study.'' However, in the absence of a single gold reference test, panel diagnosis is a respected method to provide a solution. In a panel diagnosis, the tests are evaluated by multiple clinicians, and previous literature suggests that test evaluation by multiple clinicians leads to more accurate interpretation of index test results than evaluation by a single clinician [95, 96] , accordingly suggesting that panel diagnosis is an acceptable method for diagnosis when a single gold standard is lacking [1, 6] . One of the included papers [71] reported ''a great strength of the current study was its use of a structured consensus panel to determine a reference standard for each subject, without 
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Initial evaluation of the information was done individually, during a plenary meeting, or no details were reported. Decisions on disease status were made by combining individual scores (individual), in a plenary meeting, or no details were reported. For Additional expert, another expert was consulted to resolve disagreements; for Discussion, disagreements were resolved through discussion with all members; for additional information, extra information was made available to members to resolve disagreements; for voting, disagreements are resolved by choosing the opinion of the majority. information. This closely resembles clinical practice and therefore could lead to clinically relevant diagnoses [6, 7] . However, the use of panel diagnosis as reference standard also has disadvantages. The panel diagnosis approach is time and labor intensive. Also, the process is inherently more subjective and therefore results might be less reproducible than for other methods to deal with imperfect reference standards such as composite reference standard or latent class analyses. To quantify this problem, researchers could test the reproducibility of the decision process between panel members and across patients as a measure of the actual subjectivity of the panel diagnosis in the study.
Incorporation bias can be a serious threat to diagnostic studies. It refers to the situation where the results of the diagnostic tests under study (index test) are formally used when making the final diagnosis [6] . In cases of a panel diagnosis this occurs when the results of the test under study are part of the information available to the experts making the consensus diagnosis. The danger is that the results of the tests under evaluation receive too much weight in the decision-making process, leading to an overestimation of the accuracy of that test [6, 97, 98] . However, avoiding incorporation bias by withholding the index test results may in itself increase the risk of misclassification. One way to document the impact of the index test is to use staged unblinding in which the panel first classifies the disease status on the basis of all relevant information except the test under evaluation and again after revealing the index test results [6] .
Alternative methods to deal with the absence of a single gold standard are composite reference standard [3] or latent class analyses [4, 5] . In composite reference standard, multiple test results are combined according to a pre-specified algorithm to rule the target disease in or out. These decision rules provide, like panel diagnoses, clinically interpretable diagnoses, but unlike the panel, the decision process is transparent and the same for all patients. Downsides of such decision rule is the limited number and types of tests that can be incorporated for decision making. Latent class analysis is a statistical method in which the probability of the disease status is modeled on the basis of the index tests and information available. However, the results are difficult to interpret clinically as the disease state is expressed in probabilities, rather than in a dichotomized (present or absent) fashion [4] .
To our knowledge, this is the first systematic review on the methods applied in diagnostic studies using a panel diagnosis as the reference standard. Identification of studies using panel diagnosis through electronic searching was probably hampered by the fact that not all studies using this method report having done so in the abstract. Therefore, it is likely that we missed some studies. This, however, is unlikely to have had a meaningful impact on our findings about incomplete reporting and the variation present in the methodology of panel diagnoses. We have likely missed some additional papers because we have only searched a single electronic database (PubMed). However, we believe that completeness of the search was not the major issue for answering our research question, because the focus of our paper is on the method of panel diagnosis. To address this methodological issue, a comprehensive set of papers is likely to contain the relevant variations of the methodology of interest. This is very different from systematic reviews about the effectiveness of interventions, where the main aim is to validly estimate the weighted mean from all available studies in literature. A more extensive search might have identified some additional papers, but is unlikely to add relevant variations in the methodology already represented in the initial search. This phenomenon is known as theoretical saturation [9] . Moreover, each study identified within our search was carefully examined for the methods used in the panel diagnosis approach and the quality of reporting on these methods. As a result, a thorough search of Medline-the largest database of medical papers-will likely identify a sufficient number of papers reflecting all methods applied in panel diagnosis.
In conclusion, an expert panel diagnosis may be applied in diagnostic studies when a single gold reference standard is absent or not feasible and its use appears to be increasing in the medical literature. Our review revealed a large variation in applied methods as well as major deficiencies in the reporting of key features of the panel diagnosis process. To improve awareness about possible options when designing a diagnostic study with a panel diagnosis and how to report such studies, we provided some initial guidance highlighting key options in the methodology of panel diagnosis. The results of our review may serve as a starting point in the development of formal guidelines on methodology and reporting of panel diagnosis. Editors' Summary Background. Before any disease or condition can be treated, a correct diagnosis of the condition has to be made. Faced with a patient with medical problems and no diagnosis, a doctor will ask the patient about their symptoms and medical history and generally will examine the patient. On the basis of this questioning and examination, the clinician will form an initial impression of the possible conditions the patient may have, usually with a most likely diagnosis in mind. To support or reject the most likely diagnosis and to exclude the other possible diagnoses, the clinician will then order a series of tests and diagnostic procedures. These may include laboratory tests (such as the measurement of blood sugar levels), imaging procedures (such as an MRI scan), or functional tests (such as spirometry, which tests lung function). Finally, the clinician will use all the data s/he has collected to reach a firm diagnosis and will recommend a program of treatment or observation for the patient.
Why Was This Study Done? Researchers are continually looking for new, improved diagnostic tests and multivariable diagnostic models-combinations of tests and characteristics that point to a diagnosis. Diagnostic research, which assesses the accuracy of new tests and models, requires that each patient involved in a diagnostic study has a final correct diagnosis. Unfortunately, for most conditions, there is no single, error-free test that can be used as the reference (gold) standard for diagnosis. If an imperfect reference standard is used, errors in the final disease classification may bias the results of the diagnostic study and may lead to a new test being adopted that is actually less accurate than existing tests. One widely used solution to the lack of a reference standard is ''panel diagnosis'' in which two or more experts assess the results from multiple tests to reach a final diagnosis for each patient in a diagnostic study. However, there is currently no formal guidance available on the conduct and reporting of panel diagnosis. Here, the researchers undertake a systematic review (a study that uses predefined criteria to identify research on a given topic) to provide an overview of the methodology and reporting of panel diagnosis.
What Did the Researchers Do and Find? The researchers identified 81 published diagnostic studies that used panel diagnosis as a reference standard. 37% of these studies reported on psychiatric diseases, 21% reported on cardiovascular diseases, and 12% reported on respiratory diseases. Most of the studies (64%) were designed to assess the accuracy of one or more diagnostic test. Notably, one or more critical piece of information on methodology was missing in 83% of the studies. Specifically, information on the constitution of the panel was missing in a quarter of the studies and information on the decision-making process (whether, for example, a diagnosis was reached by discussion among panel members or by combining individual panel member's assessments) was incomplete in more than two-thirds of the studies. In three-quarters of the studies for which information was available, the panel consisted of only two or three members; different fields of expertise were represented in the panels in nearly two-thirds of the studies. In a third of the studies for which information was available, panel members made their diagnoses without access to the results of the test being assessed. Finally, the reproducibility of the decision-making process was assessed in a fifth of the studies.
What Do These Findings Mean? These findings indicate that the methodology of panel diagnosis varies substantially among diagnostic studies and that reporting of this methodology is often unclear or absent. Both the methodology and reporting of panel diagnosis could, therefore, be improved substantially. Based on their findings, the researchers provide a checklist and flow chart to help guide the conduct and reporting of studies involving panel diagnosis. For example, they suggest that, when designing a study that uses panel diagnosis as the reference standard, the number and background of panel members should be considered, and they provide a list of options that should be considered when planning the decision-making process. Although more research into each of the options identified by the researchers is needed, their recommendations provide a starting point for the development of formal guidelines on the methodology and reporting of panel diagnosis for use as a reference standard in diagnostic research.
Additional Information. Please access these Web sites via the online version of this summary at http://dx.doi.org/10. 1371/journal.pmed.1001531.
N Wikipedia has a page on medical diagnosis (note:
Wikipedia is a free online encyclopedia that anyone can edit; available in several languages) N The Equator Network is an international initiative that seeks to improve the reliability and value of medical research literature by promoting transparent and accurate reporting of research studies; its website includes information on a wide range of reporting guidelines, including the STAndards for the Reporting of Diagnostic accuracy studies (STARD), an initiative that aims to improve the accuracy and completeness of reporting of studies of diagnostic accuracy
